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Abstract 
 
The objective of this research is to develop resistance factors for use in the load and 
resistance factor design (LRFD) method for consolidation settlements of shallow 
foundations and embankments on cohesive soil. Probabilistic analysis of settlements 
is used to represent the uncertainty of the compression index, Cc, the recompression 
index, Cr and the uncertainty of the maximum past pressure, P’c. The probabilistic 
analysis is based on the Monte Carlo simulation for five d ifferent probabilities of 
failure: 1/25, 1/50, 1/75, 1/100, 1/150 for foundation soils and 1/150, 1/2000 for 
embankment fill. 
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Chapter 1 Introduction 
 
1.1 Background 
Settlement of foundations and embankments can impact the safety and performance 
of structures, so it is important to obtain accurate predictions of the magnitude of 
settlement during the design process.  Load and Resistance Factor Design (LRFD) 
provides means for the uncertainties in the design process to be considered in a 
practical way and represents a rational approach to analysis of settlement. In the 
LRFD method, resistance factors are used to account for variability or uncertainty in 
the resistance. The LRFD design method offers advantages in geotechnical design, 
such as accounting separately for variability in load and resistance and achieving 
more consistent levels of reliability (safety) in substructures. Although LRFD is used 
in bridge design, especially for the superstructure, there is limited experience in using 
LRFD for substructure designs. There is a need to develop resistance factors for 
analysis of consolidation settlement of shallow foundations and embankments. Work 
performed to determine resistance factors for the compression index, Cc , the 
recompression index, Cr and the maximum past pressure, P’c, for the calculation of 
consolidation settlements of shallow footings and embankments is documented in this 
thesis. 
 
1.2 Objective 
The objective of this research was to develop resistance factors for one-dimensional 
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consolidation settlements of spread footings and embankments. Three resistance 
factors were developed, including resistance factors for the compression index, the 
recompression index and the maximum past pressure. The resistance factors were 
developed for specific target probabilities of failure. In this case, probability of failure 
is defined as the probability that the actual settlement exceeds some limit value. 
 
 1.3 Scope of Work 
The scope of the work in this effort includes: 
 Establishing model variability 
 Probabilistic analyses of consolidation settlement 
 Developing resistance factors for consolidation settlement analyses of 
embankments and spread footings 
 Evaluation of the resistance factors 
for target probabilities of failure of 1/25, 1/50, 1/75, 1/100, and 1/150; i.e., the 
probability of the actual settlement exceeding the predicted settlement of 1/25, etc.  
 
1.4 Organization of Thesis 
The thesis is organized into seven chapters. Chapter 2 contains the literature review 
and Chapter 3 details the methodology for how to perform the probabilistic analyses 
using LRFD in order to obtain the resistance factors for consolidation settlement. In 
Chapter 4, the development of the resistance factors for consolidation settlement of 
spread footings is explained. Chapter 5 contains the development of the resistance 
Chapter 1 Int roduction 
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factors for embankments. Chapter 6 includes two examples based on the methods 
introduced in Chapter 4 and Chapter 5. Conclusions and recommendations are given 
in Chapter 7. 
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Chapter 2 Literature Review 
 
2.1 Introduction 
While ultimate strength conditions (i.e. “Strength Limit States”), such as bearing 
capacity for spread footings and slope stability for embankments, are always analyzed 
during design, it often occurs that the Service Limit States; e.g., settlement, control 
the final design. Conventional settlement analyses may be conservative (over predict 
the amount of settlement) or unconservative (under predict the amount of settlement) 
and the uncertainty associated with the predicted settlement is typically based solely 
on the engineer’s qualitative ‘engineering judgment.’  Load and Resistance Factor 
Design (LRFD) provides a practical procedure to achieve some target reliability in 
design of civil infrastructure including geotechnical applications such as foundations 
and embankments. There has been very limited application of the LRFD method to 
consolidation settlement analyses for spread footings and embankments. In this 
chapter, these initial works are reviewed following a short background on 
conventional consolidation settlement analyses.   
 
2.2 Conventional Consolidation Settlement Analyses  
Settlement analyses of spread footings and embankments are similar. In this thesis, 
only primary consolidation settlement is addressed. Immediate compression and 
secondary consolidation are outside of the scope. The primary component of 
consolidation settlement is calculated using Equation 2.1.  
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S =      Eq. 2.1 
where, 
Cc = compression index 
Cr = recompression index 
P’c = preconsolidation stress (F/L
2) 
σ’f = final vertical effective stress (F/L
2) = σ’v0 +Δσ 
σ’v0 = initial vertical effective stress (F/L
2) 
Δσ = additional stress (F/L2) 
H0 = thickness of the compressible layer (L) 
e0 = initial void ratio 
S = settlement due to primary consolidation (L) 
 
A profile of a spread footing on the surface of a soft, compressible soil is shown in 
Figure 2.1. Values for the soil parameters are typically based on laboratory 
consolidation tests (ASTM D2435 and D4186). The geometry of the soil profile is 
interpreted from subsurface exploration information. The load(s) (Q) are provided by 
the structural designer. It is then the responsibility of the geotechnical engineer to 
analyze the case and determine ranges for the dimensions of the foundation, B and L 
(or B for square foundations), that result in tolerable settlement for the given structure.   
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.  
                                       Figure 2.1 Spread footing on soft soil. 
 
The profile of an embankment fill overlying a soft soil is shown in Figure 2.2.  One 
must consider the compression of the embankment fill itself (under self weight) in 
addition to consolidation settlement of the underlying soft soil. The compression of 
the underlying soft soil is calculated in the same manner as described for the spread 
footing with the exception, in this thesis, that the fill is considered to be a wide, areal 
fill eliminating the need to use a stress distribution technique to calculate the change 
in stress with depth beneath the base of the embankment fill.   
 
                                     Figure 2.2 Embankment on soft soil. 
 
The compression of the embankment fill itself is calculated using an empirical 
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relationship (Vincent et al. 1994):  
S = (0.01 to 0.03) * Hfill          Eq. 2.2 
where,   Hfill = height of the fill (L) 
                  S = settlement due to the compression of the fill (L) 
 
There is substantial debate about the best method to predict the compression of an 
embankment fill and there is no general agreement in the geotechnical community. 
The empirical expression shown in equation 2.2 is accepted in this thesis as a viable 
and reasonable means to predict compression of compacted embankments, as it is 
based on observed performance of several embankments.  
 
The total settlement of the top of the embankment is calculated by adding the 
settlement of the underlying soft soil (from Eq. 2.1) and the compression of the 
embankment fill (from Eq. 2.2) 
Stotal = Sfill + Ssoil          Eq. 2.3 
 
The geotechnical engineer varies the size (dimensions B x L) of a spread footing or 
the stress added by the embankment fill until the calculated settlement is at or below 
the tolerable (acceptable) settlement value. The tolerable settlement is typically set by 
the structural designer in the case of a foundation for a superstructure or by the 
roadway designer in the case of a highway embankment. It is then the geotechnical 
engineer’s challenge to economically optimize the cost (size of spread footing or type 
of material used in the embankment) that meets the tolerable settlement limit.  
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Every parameter in the settlement analysis has some uncertainty associated with it; 
however, in conventional settlement analyses, the geotechnical engineer typically uses 
“engineering judgment” to either increase or decrease the values used for each 
parameter until she “feels” that the predicted settlement is accurate or at least 
conservative. In most cases, “conservative” means predicting more settlement than is 
likely to occur in the actual situation. This may often result in designs that are more 
costly than necessary; e.g., use of larger foundations or use of higher cost lightweight 
materials for embankments. A better method to account for the uncertainty of 
predicted settlements is needed. 
 
2.3 Load and Resistance Factor Design  
Load and Resistance Factor Design (LRFD) is an approach to account for the 
uncertainty in the design of civil infrastructure resulting in a known and consistent 
level of reliability in our designs (AASHTO 2010). In this thesis, reliability is defined 
as one minus the probability of failure (Pf). 
  R = 1 – Pf         Eq. 2.4 
where,     R = reliability 
     Pf = probability of failure 
                    = actual settlement exceeds a tolerable limit  
Design of superstructures has been performed using LRFD for more than 30 years. It 
is desirable to use a similar approach for design of substructures (foundations and 
embankments) in order that the entire system (super- and sub-structure) has a 
consistent level of reliability.  
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In the LRFD method, loads and resistances are factored using load and resistance 
factors such that the factored load remains less than the factored resistance (Equation 
2.5). 
 
                                                     γ * Q ≤ Φ * R                         Eq. 2.5 
Where, 
γ = load factor (dimensionless), ≥ 1.0 
Q = load  
Φ= resistance factor (dimensionless), ≤ 1.0 
R = nominal resistance 
 
The load and resistance factors are used to account for the uncertainty and are 
preferably determined to produce specific probabilities of failure (or reliabilitie s) 
using probabilistic analyses; e.g., Monte Carlo simulations. Distributing the factors 
among the various parameters in a design analysis allows the uncertainty to be placed 
on the most appropriate parameters. The LRFD design approach results in a design in 
which the uncertainty is addressed. 
 
2.4 Past Work on LRFD and Probabilistic Settlement Analyses 
There has been substantial work to use reliability-based design with LRFD approach 
for the analysis of the Strength Limit State (bearing capacity) of shallow foundations 
(Foye et al. 2006, Salgado and Scott 2006); however, not much has been done with 
respect to Service Limit State; i.e., settlement analysis. Foye et al. (2005) showed that 
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use of LRFD for bearing capacity analyses of shallow foundations reduces the need 
for “engineering judgment” when interpreting the soil profile. They went on to state 
that the LRFD method results in designs with more consistent reliabilities.  
 
Fenton and Griffiths (2002) used the finite element method to predict settlement of a 
shallow foundation on an elastic soil. They found that using log normally distributed 
modulii for the underlying soil resulted in good predictions of the settlement. In 
addition, they used Monte Carlo simulations to produce probabilistic settlement of the 
shallow foundation. 
 
In their 2005 paper, Fenton et al. used LRFD to estimate settlement of shallow 
foundations. They found a relationship between resistance factor and probability of 
failure for different soil sampling schemes (five different schemes) based on certain 
coefficients of variation of elastic modulus of soil, VE, and correlation length, ln E, 
which is the distance over which log-elastic moduli are significantly correlated. It was 
found that at low levels of variability (lower VE), increasing the number of samples 
did not greatly affect the probability of failure. When soil variability was significant, 
considerable design/construction savings could be achieved when the sampling 
scheme is improved. For VE = 0.2, ln E = 10, Pf = 0.05, the resistance factor for 
sampling scheme #1 (“worst case”) was 0.62 and for all the other sampling schemes, 
the required resistance factor was between about 0.67 and 0.69. When VE = 0.5, ln E = 
10, Pf = 0.05, the ranges of resistance factor were from 0.46 for sampling scheme #1 
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to 0.65 for sampling scheme #5. The authors went on to note that the resistance 
factors presented in their paper should be considered as an upper bound; i.e., actual 
resistance factors are likely to be lower values since they did not account for 
measurement and model uncertainties in their work.  
 
2.5 Summary 
Conventional settlement analyses may over or under predict the amount of settlement 
of an actual foundation. How the engineer accounts for the uncertainty is based on the 
engineer’s qualitative ‘engineering judgment’. Load and Resistance Factor Design 
(LRFD) provides a procedure to account for the uncertainty in design of civil 
infrastructure including geotechnical applications such as foundations and 
embankments. The limited work that has been done to apply LRFD to settlement 
analyses has indicated that more consistent predictions of settlement will be possible 
but the uncertainties in values of the soil parameters and in models must be 
incorporated into the development of the resistance factors. Under this consideration, 
the work in this thesis is aimed at quantifying the uncertainty of the soil parameters 
and using that information to calculate resistance factors for a range of probabilities of 
failure (actual settlement exceeding a specified settlement limit) for spread footings 
and embankments on cohesive soils. 
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Chapter 3 Methodology to Develop Resistance Factors 
 
3.1 Introduction 
The objective of the work presented herein is to develop resistance factors for 
consolidation settlement analyses of spread footings and embankments on cohesive 
soils. In this chapter, the general procedure used to develop the resistance factors is 
given. The chapter begins with a flow chart of the process and concludes with a 
summary. 
 
3.2 LRFD Framework for Consolidation Settlement Analyses   
According to the AASHTO Specification (AASHTO, 1997a), the basic LRFD 
equation is defined as: 
                                              ∑ γi Qi  ≤ Φ Rn                     Eq. 3.1 
where, 
γi = load factor (dimensionless), ≥ 1.0 
Qi = load  
Φ= resistance factor (dimensionless), ≤ 1.0 
Rn = nominal resistance 
 
The development of resistance factors for consolidation settlements for spread 
footings and embankments was performed based on Equation 3.1.  
 
Consolidation is a process by which soils decrease in volume. It occurs when stress is 
applied to a soil that reduces its bulk volume. As shown in Figure 3.1, for normally 
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consolidated soil (when initial vertical effective stress, σ’v0, is equal to the 
preconsolidation stress, P’c), the stress-strain curve is called the virgin curve, the 
slope of which is defined as the compression index, Cc. For overconsolidated soils 
(where the initial vertical effective stress, σ’v0, is less than the preconsolidation stress, 
P’c), that part of the stress-strain curve is called the recompression curve, the slope of 
which is defined as the recompression index, Cr. 
 
 Figure 3.1 Void ratio vs. log effective stress for an overconsolidated, cohesive soil. 
 
Rather than simply multiplying the settlement using a single resistance factor, a 
resistance factor was incorporated into the one-dimensional consolidation settlement 
equation for each of three uncertain parameters, the compression index, Cc, 
recompression index, Cr, and maximum past pressure, P’c according to different 
situations (as shown in Equations 3.2, 3.3 and 3.4).  
 
For the general case, when the initial vertical effective stress is less than the 
Log Effective Stress 
(F/L2) 
V
o
id
 R
a
ti
o
, 
e
 
P’c  ’vo ’f 
Recompression 
Curve 
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Cr 
1 
Cc 
1 
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preconsolidation stress and the final vertical effective stress is greater than the 
preconsolidation stress (i.e. when σ’v0 < P’c < σ’f), both the recompression portion and 
the virgin compression portion of the consolidation curve must be considered so that 
consolidation settlement is predicted as: 
                                 S =         Eq. 3.2 
where,  
Cc = compression index 
Cr = recompression index 
P’c = preconsolidation stress (F/L
2) 
σ’f  = final vertical effective stress (F/L
2) = σ’v0 +Δσ 
σ’v0  = initial vertical effective stress (F/L
2) 
Δσ = additional stress (F/L2) 
ΦCc = resistance factor for Cc  
ΦCr = resistance factor for Cr 
Φp = resistance factor for P’c 
H0 = thickness of the compressible layer (L) 
e0 = initial void ratio 
S = settlement due to primary consolidation (L) 
 
The consolidation settlement equation for a normally consolidated soil, where initial 
vertical effective stress is equal to the preconsolidation stress (i.e. when σ’v0 = P’c), 
can be reduced to 
                                             S =                              Eq. 3.3 
The compression index, Cc, can be replaced by Cr for use in overconsolidated soils 
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where the final effective stress is less than the preconsolidation stress; i.e., when σ’f < 
P’c. 
  S =                            Eq. 3.4 
 
In the approach shown in Equations 3.2, 3.3 and 3.4, the resistance factor accounts for 
the collective uncertainty of the settlement estimate; however, there are many 
parameters in the settlement calculation and each is associated with a different level of 
uncertainty. In this case, using multiple resistance factors allows the uncertainty in the 
different components of settlement to be addressed separately, so that they can 
produce designs that more precisely achieve the target reliability while simultaneously 
being more cost effective. In essence, using multiple resistance factors enables the 
engineer to more accurately address the actual variability rather than address ing the 
collective variability which is assumed to be less precise.   
 
The goal of developing resistance factors is to match the probabilistic settlement (Slimit) 
to the factored settlement (Sfactored), as shown in Equation 3.5: 
                                                Slimit = Sfactored                                   Eq. 3.5 
where, the probabilistic settlement is the settlement generated using Monte Carlo 
simulations based on some target probabilities of failure without resistance factors 
involved, and the factored settlement is the settlement calculated using all the 
necessary parameters including the resistance factors which were obtained at the end 
of this research (using Equation 3.2, 3.3 or 3.4).  
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Also, 
      Sfactored = Φ * Snominal             Eq. 3.6 
 
Where,      Sfactored = factored settlement 
               Φ = resistance factor 
         Snominal = calculated settlement using mean values for all parameters  
 
3.3 General Procedure 
The flow chart highlighting the major steps in the process used to develop resistance 
factors for Cc and Cr is shown in Figure 3.1. The flow chart for the resistance factor 
for P’c is shown in Figure 3.2. 
 
In order to obtain the resistance factors for Cc and Cr, all necessary soil characteristic 
parameters were selected based on the lab test and used to establish a model equation. 
After that, Crystal Ball® software code was used to perform Monte Carlo simulations 
with all the parameters to generate the probabilistic settlement, Slimit, for different 
probabilities of failure. The resistance factors are then equal to Snominal divided by Slimit. 
 
The procedure to determine the resistance factor for P’c was more complicated than 
the resistance factors for Cc and Cr. Three different approaches were developed and 
evaluated to get the relationship for Φp and P’c or Φp and OCR. Details are shown in 
Chapter 4. 
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3.4 Summary 
This work is based on Load and Resistance Factor Design, and uses Monte Carlo 
simulations to statistically determine the resistance factors according to different 
probabilities of failure. The relationship between the resistance factors and the related 
consolidation settlement analysis parameters is developed. The details of determing 
the resistance factors are presented in the following chapters.  
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Figure 3.2 Flow chart showing the procedure used to calculate resistance factors, ΦCc 
and ΦCr for consolidation settlement of spread footings and embankments on cohesive 
foundation soils. 
 
Select characteristics of all 
parameters; e.g., mean, 
standard deviation, 
coefficient of variation 
Calculate probalisitic 
settlements, Slimit, by using 
Monte Carlo simulation for 
different coefficients of 
variation for Cc and Cr. 
 
Calculate resistance factors 
for Cc and Cr for different 
target probabilities of failure 
using Snominal / Slimit . 
 
Obtain the relationship 
between resistance factors 
and c.o.v. of Cc or Cr for 
different target probabilities 
of failure. 
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Figure 3.3 Flow chart showing the procedure used to calculate resistance factor, ΦP, 
for consolidation settlement of spread footings and embankments on cohesive 
foundation soils. 
 
 
Approach 1: 
 
Set c.o.v. of all variable 
parameters equal to 
0.0 except for c.o.v. of 
P’c. Use Monte Carlo 
simulation to generate 
Slimit. 
 
Calculate resistance 
factor, Φp, based on 
the performance 
function: 
g = Slimit – Sfactored  0 
 
 
Approach 2: 
 
Assume a series of Φp 
first to determine the 
relationship between 
Φp and settlement, then 
use non-zero c.o.v.s for 
all probabilistic 
parameters with Monte 
Carlo simulation to 
generate Slimit. Take 
Slimit back to the 
relationship above to 
obtain the “actual” Φp.  
 
 
Approach3:  
Similar to approach 2, 
find the relationship 
between Φp and 
settlement first with 
different mean values 
of OCR. Then vary 
OCR instead of c.o.v. 
of P’c to generate Slimit 
with Monte Carlo 
simulation. Take Slimit 
back to the 
relationship to obtain 
the “actual” Φp. Last, 
perform regression 
analyses to find Φp as 
a function of OCR and 
c.o.v of Cc and Cr. 
 
Select characteristics of all parameters; 
e.g., mean, standard deviation, coefficient 
of variation. 
 
 
Φp             ? 
                        Pf = #     
 
 
                  
              P ’c or OCR                                                                   
Three different approaches were used to 
define the resistance factor, Φp, as a 
function of c.o.v. of P’c or OCR. 
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Chapter 4 Resistance Factors for Serviceability of Spread Footings  
 
4.1 Introduction 
In this chapter, probabilistic analyses were used to develop estimates of the reliability 
of settlement predictions and, subsequently, to use those analyses to develop 
resistance factors for use in LRFD. Monte Carlo simulations were applied in this 
process for five different target probabilities of failure: 1/25, 1/50, 1/75, 1/100, 1/150. 
The resistance factors for compression index (Cc), recompression index (Cr) and 
maximum past pressure (P’c) were developed step by step, where one approach for 
developing resistance factors for Cc and Cr was introduced, and three approaches were 
used for P’c. The process and resulting resistance factors are presented in this chapter.  
 
4.2 Probabilistic Analysis of Settlement 
4.2.1 Probabilistic and Deterministic Variables 
The parameters in the settlement model are shown in Equation 3.2. The parameters Cc, 
Cr, e0 and Δσ were considered to be probabilistic parameters and are represented using 
log normal distributions, while H0 and σ’vo were considered to be deterministic. For Cc 
and Cr, the coefficient of variation (c.o.v.) was varied from 0.0 to 1.0. The c.o.v. for 
void ratio, eo, and additional stress, Δσ were held constant at 0.2 and 0.25, respectively. 
The mean and c.o.v. values for Cc, Cr, and eo, were based on measured values 
compiled during a research project for the Missouri Department of Transportation 
(MoDOT). Mean and c.o.v. values for initial effective stress (σ’vo), change in stress 
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(Δσ) and thickness of the compressible layer (H0) were derived from results of the site 
characterization for MoDOT. 
 
4.2.2 Probabilistic Analysis Method 
Monte Carlo simulations were used to combine the variability and uncertainty 
associated with the respective model parameters to produce a probabilistic distribution 
of settlement. To calculate the probabilistic settlement, the mean value of Cc or Cr was 
set as 0.04 and the c.o.v. of Cc or Cr was varied from 0.0 to 1.0, while other inputs 
were set as described in Table 4.1. The process was repeated for the other mean values 
of Cc or Cr. The commercial software Crystal Ball®, which includes the Monte Carlo 
simulation, was used to complete the probabilistic analyses.  
 
Table 4.1 Parameter values, coefficients of variation (c.o.v.) and distribution types 
used to calculate resistance factors, ΦCr and ΦCc, for settlement of shallow 
foundations on cohesive soils.  
 
Parameter  Mean 
Standard 
Deviation 
Coefficient 
of 
Variation 
(c.o.v.) 
Distribution 
Type  
Probabilistic  
Variable  
Cc or Cr 0.43, 0.20, 0.60, 0.04 = mean * c.o.v.  0.0~1.0 lognormal Yes 
eo 1.22 0.244 0.2 lognormal Yes 
Δσ (ksf) 1.5 0.375 0.25 lognormal Yes 
M 1 0.2 0.2 lognormal Yes 
Ho (ft) 36 ---  ---  N/A  No 
σ’vo (ksf) 1.13 ---  ---  N/A  No 
 
4.2.3 Model Factor 
A model uncertainty parameter, M, was introduced into the settlement calculations to 
account for the general accuracy of the predicted settlements, given values for the 
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input parameters. Probabilistic settlements were therefore predicted as:  
 
                S =             Eq. 4.1 
                S =                                           Eq. 4.2 
                 S =                                           Eq. 4.3 
 
The mean for the model factor was designated as one (1) and 0.2 was assigned as the 
c.o.v. of the model factor. This translates into the predicted settlements having a 
variation about the mean with a standard deviation of 0.2. In the process of 
developing resistance factors for Cc and Cr, only Equations 4.2 and 4.3 were used. The 
parameters used in this analysis and their respective c.o.v. values are given in Table 
4.1.  
 
4.3 Target Probabilities of Failure 
Having resistance factors calibrated to achieve some target probabilities of failure (or 
Reliabilities) allow one to design, in the present case, predict the magnitude of the 
consolidation settlement beneath spread footings, with a known confidence of the 
actual settlement not exceeding the predicted settlement. Target probabilities of failure 
for serviceability limit states were established by Missouri Department of 
Transportation policy makers based on consideration of socially acceptable risk levels 
and economic optimization for four different categories of roadways as summarized 
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in Table 4.2 (Huaco, Bowders and Loehr, 2012). The target probabilities of failure 
used for calibration include 1/25, 1/50, 1/75, 1/100 and also calibrated resistance 
factors for a probability of failure of 1/150. 
 
Table 4.2 Recommended target probability of failure. 
 
Application Classification 
Recommended Target Probability of Failure 
Service Limit State 
Bridge 
Foundations 
Major Bridges 
(>$100M) 
1 in 100 
Major Bridges 
(<$100M) 
1 in 75 
Bridges on 
Major Roads 
1 in 50 
Bridges on 
Minor Roads 
1 in 25 
 
4.4 Determination of Resistance Factors  
4.4.1 Calculation of the Resistance Factors for Cc and Cr 
The geometry of the shallow foundation used in the analyses is shown in Figure 4.1. 
The compressible layer, with thickness Ho overlies a layer of dense sand. The sand is 
considered to be incompressible. The width of the footing is B. 
 
                    Figure 4.1 Geometry of a shallow foundation on soft soil. 
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An example of the resulting histogram and probability density function, which was 
the output from Crystal Ball®, for settlements obtained from Monte Carlo simulations 
is shown in Figure 4.2. In order to generate the distribution, 100,000 trials  were 
performed for each distribution. A trial consists of one settlement calculation using 
input parameters established by randomly selecting values of each input parameter 
according to their assigned distributions (Table 4.1).   
 
After the probability distribution of the settlement obtained from the Monte Carlo 
simulation (Figure 4.2), the mean and standard deviation of the fitted settlement 
probability distribution were calculated. A probabilistic settlement, Slimit, was then 
calculated based on the selected target probability of failure (Table 4.2). The 
probabilistic settlement, Slimit, represents the settlement for which there is a “target 
probability” that the actual settlement will exceed this value. For example, if the 
selected target probability of failure, Pf, is 1/100, then there is a one percent 
probability that the actual settlement will be greater than the probabilistic settlement, 
Slimit. 
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Figure 4.2 Histogram and probability density function (PDF) of settlements calculated 
using a c.o.v. of 0.2 for the compression index, Cc (plot from Oracle’s 
Crystal Ball® software) 
 
The resistance factor, ΦCc, is then calculated by dividing the mean settlement, Snominal, 
by the probabilistic settlement, Slimit, where Snominal is calculated by using the mean 
values of all parameters without any factors involved (Equations 4.4a to 4.4e). 
                                    g = Slimit – Sfactored  0              Eq. 4.4a 
                              Slimit                Eq. 4.4b 
Optimum condition: 
                               Slimit =             Eq. 4.4c 
 Cc =     Eq. 4.4d 
                                            Cc =   1.0                          Eq. 4.4e 
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The resistance factor, ΦCr, can be calculated the same way only using Cr to replace Cc 
in Equation 4.4d. The relationship between resistance factors and c.o.v of Cc or Cr for 
various target probabilities of failure are given in Table 4.3 and plotted in Figure 4.3.  
 
Table 4.3 Resistance factors, ΦCr and ΦCc, for various target probabilities of failure as 
a  function of the c.o.v. of Cc or Cr for calculation of consolidation settlement of 
shallow foundations on cohesive soils.  Resistance factors (RF) presented are the 
mean values of RFs calculated for a range of Cc of Cr values from 0.04 to 0.60.  
Values are plotted in Figure 4.3.  
 
c.o.v. of 
Cc or Cr 
Resistance Factors for Cc or Cr 
Pf = 1/25 Pf = 1/50 Pf = 1/75 Pf = 1/100 Pf = 1/150 
0.0  0.6369  0.5851  0.5575  0.5421  0.5203  
0.1 0.6223  0.5689  0.5422  0.5248  0.5025  
0.2 0.5826  0.5252  0.4968  0.4784  0.4550  
0.3 0.5340  0.4722  0.4421  0.4228  0.3984  
0.4 0.4869  0.4216  0.3902  0.3703  0.3454  
0.5 0.4449  0.3768  0.3446  0.3244  0.2994  
0.6 0.4095  0.3393  0.3068  0.2866  0.2617  
0.7 0.3784  0.3068  0.2741  0.2540  0.2295  
0.8 0.3536  0.2810  0.2484  0.2286  0.2045  
0.9 0.3334  0.2602  0.2277  0.2081  0.1846  
1.0 0.3160  0.2422  0.2099  0.1906  0.1676  
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4.4.2 Calculation of the Resistance Factors for P’c 
The procedure used to calculate the resistance factors for Cc and Cr was initially used to 
calculate the resistance factors for P’c. A mean value and c.o.v were assigned for P’c 
and 100,000 Monte Carlo simulations were performed to define the probabilistic 
settlement, Slimit. The resistance factor, Φp, was then calculated using the probabilistic 
settlement and all the other parameters, for various target probabilities of failure 
(Equations 4.5a to 4.5c). 
 
Slimit       Eq. 4.5a  
Optimum condition: 
Slimit =       Eq. 4.5b 
log =     Eq. 4.5c 
 
It can be seen from the consolidation equation, that the maximum past pressure appears 
in both the Cr term (numerator) and the Cc term (denominator), as does the resistance 
factor of maximum past pressure, Φp. Because of the complexity of the relationship, 
three different approaches were developed and evaluated to establish the resistance 
factor for the maximum past pressure.  
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Approach 1 for Φp: 
Following the thought that the resistance factors for compress ion index and 
recompression index have a relationship with c.o.v. of compression index and 
recompression index, an attempt was made to establish a relationship between the 
resistance factor for maximum past pressure and c.o.v. of maximum past pressure. In 
order to minimize the effects from the other parameters, all c.o.v. values of the 
parameters were assumed to be zero, except for P’c itself (Table 4.4). 
 
Table 4.4 Parameters used in Approach 1 to find resistance factor Φp, for the 
preconsolidation stress, P’c.  
 
Parameter Mean 
Standard 
Deviation 
Coefficient of 
Variation 
(c.o.v.) 
Distribution     
Type 
Cr 0.02  0.00  0.00  lognormal 
Cc 0.20  0.00  0.00  lognormal 
P’c (ksf) 1.5,3,5,8,30  = mean * c.o.v. 0.1~1.0 lognormal 
eo 1.22  0.00  0.00  lognormal 
Δσ (ksf) 1.5,5,25,60 0.00  0.00  lognormal 
M 1.00  0.00  0.00  lognormal 
Ho (ft) 40.00  ------ ------ ------ 
σ’v0 (ksf) 1.00  ------ ------ ------ 
 
The parameters in Table 4.4 were used in the software Crystal Ball® and 100,000 
Monte Carlo simulations were performed to define the probabilistic settlement, Slimit, 
according to the different probabilities of failure (Table 4.2). Different combinations 
between P’c and Δσ were used for several different trials and ten different c.o.v. values 
of P’c (from 0.1 to 1.0) were tried for each trial. The resistance factor, Φp, was then 
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calculated according to Equation 4.5c. However, for this step, there were two ways to 
calculate Φp.  
1) In order to remove the effects from the resistance factors ΦCc and ΦCr, the 
resistance factors were assumed to have a value of one (1) in the calculation to 
find Φp. In this case, the relationship between c.o.v. of P’c and resistance factor 
Φp was plotted based on different probabilities of failure. The plot, Pf = 1/150, is 
shown in Figure 4.4a. 
2) Instead of using a ΦCc and ΦCr of one, actual values of ΦCc and ΦCr (for c.o.v. of 
Cc and Cr equal to zero) from Table 4.3 were used for the calculations. The 
relationship between c.o.v. of P’c and Φp was also plotted for different 
probabilities of failure. The plot for Pf = 1/150 is shown in Figure 4.4b. 
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Figure 4.4a Relationship between Φp and c.o.v. of P’c for Pf = 1/150 (ΦCc = ΦCr = 1.0 
for calculation of Φp). 
 
 
Figure 4.4b Relationship between Φp and c.o.v. of P’c for Pf = 1/150 (actual values of 
ΦCc and ΦCr from Table 4.3 used in calculation). 
 
For plots with different probabilities of failure, Figure 4.4a or 4.4b, the lowest curve 
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was chosen from each figure to obtain the relationship between Φp and c.o.v. of P’c 
(Figure 4.5a and Figure 4.5b). 
 
Figure 4.5a Resistance factors for maximum past vertical effective stress used for 
calculation of settlement for spread footings on cohesive soils (ΦCc = ΦCr 
= 1.0 in calculation of Φp).  
 
Figure 4.5b Resistance factors for maximum past vertical effective stress used for 
calculation of settlement for spread footings on cohesive soils (actual 
values of ΦCc and ΦCr @c.o.v. = 0.0 from Table 4.3 used in calculation). 
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Approach 2 for Φp: 
All parameters in Table 4.5 were used for Approach 2. In this case, only two conditions 
of c.o.v. of Cc and Cr were considered, which were c.o.v. of Cc = c.o.v. of Cr = 0.1, and 
c.o.v. of Cc = c.o.v. of Cr = 0.8.   
 
Table 4.5 Parameters used in Approach 2 to find resistance factor Φp for the 
preconsolidation stress P'c. 
 
Parameters Mean 
Standard 
Deviation 
Coefficient of 
Variation   
(c.o.v.) 
Distribution 
Type 
Cr 0.04   = mean * c.o.v. 0.1 or 0.8 lognormal 
Cc 0.43  = mean * c.o.v.  0.1 or 0.8 lognormal 
P'c (ksf) 1.88  = mean * c.o.v.  0.1~1.0 lognormal 
eo 1.22  0.244  0.20  lognormal 
Δσ (ksf) 1.50  0.375  0.25  lognormal 
J 1.00  0.200  0.20  lognormal 
Ho (ft) 36.00  ------   ------  ------ 
σ'vo (ksf) 1.13  ------   ------  ------ 
 
The revised approach involved using logic “IF” statements in order to select the 
appropriate terms of the settlement equation (Equation 3.1, 3.2 or 3.3) to generate the 
distribution of settlement using Crystal Ball® when calculating the probabilistic 
settlement. The logic statements were used a second time to select the appropriate terms 
of the settlement equation when calculating  Sfactored (Figure 4.6). 
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Figure 4.6 Conceptual explanations for use of logic “IF” statements to select 
appropriate terms of the settlement equation. 
 
In this approach, a series of Φp values were assumed and the logic “IF” statements 
shown in Figure 4.6 were used to define the relationship between Φp and settlement 
according to different probabilities of failure and c.o.v. of Cc and Cr. A sample result is 
shown in Figure 4.7. 
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P’c  ’vo ’f 
∆ 
If σ’v0 < Φp * P’c and σ’f < Φp * P’c, then use Sf = ; 
If σ’v0 ≥ Φp * P’c, then use Sf = ; 
If σ’v0 < Φp * P’c < σ’f, then use Sf =  
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Figure 4.7 Logical “IF” statement used to select the appropriate terms of the settlement 
equation in order to define the relationship between Φp and settlement 
corresponding to the different probabilities of failure and c.o.v. of Cc and Cr.  
 
Crystal Ball® was used to perform Monte Carlo simulations with the second “IF” 
statement (Equation 4.6a to 4.6c) to get probabilistic settlements, Slimit, according to the 
different probabilites of failure.  
 If σ’v0 < P’c and σ’f < P’c, then use 
                                                
S =               Eq. 4.6a 
If σ’v0 ≥ P’c, then use 
                                           S =              Eq. 4.6b 
If σ’v0 < P’c < σ’f, then use 
                          
S =         Eq. 4.6c 
 
The procedure continues by using the relevant probabilistic settlement value (for a 
given Pf and c.o.v. of Cc and Cr) to obtain the corresponding Φp from different figures; 
Pf = 1/100, c.o.v. of Cc = c.o.v. of Cr =0.1 
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e.g., Figure 4.5. The relationship between Φp and c.o.v. of P’c can be obtained using this 
procedure and plotted as shown in Figure 4.8. 
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Figure 4.8 Resistance Factor, Φp, as a function of the c.o.v of maximum past pressure, 
P’c.   
 
Figure 4.8 shows the relationship between Φp and c.o.v. of P’c for Pf = 1/100 based on 
Approach 2. It can be seen that the curves tend to be flat with increasing of c.o.v. of P’c. 
 
Approach 3 for Φp: 
Based on the conclusion of Approach 2, it can be seen in Figure 4.8 that for a given 
probability of failure, the c.o.v of the maximum past pressure has little impact on the 
resulting resistance factor, Φp, when the c.o.v. exceeds 0.3. So another thought was that 
the resistance factor, Φp, might be better correlated with some other parameter, which 
should be also related to the maximum past pressure. In this case, a relationship 
between the resistance factor, Φp, and the over consolidation ratio (OCR = P’c / σ’vo) 
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was evaluated. Because there was little effect from c.o.v. of P’c on Φp above a c.o.v. of 
P’c of 0.3, a conservative value of c.o.v. of P’c 0.25 was selected as a constant c.o.v. for 
P’c. In a new simulation, the varible parameters are mean values of OCR (arbitrary 
values from 1.5 to 60), c.o.v. of Cc or Cr, fixed c.o.v. of Δσ, eo, model factor M and P’c 
(mean values varied with OCR). To further simplify the analyses, the mean value of 
σ’vo
 was assumed constant, and the standard deviation μσ’vo = 1. Using this approach, 
the mean OCR is then equal to the mean P’c, μOCR = μP’c.  
 
All parameters were defined in Crystal Ball® similarly to the search for Φp using c.o.v. 
of P’c. Six different c.o.v. values of Cc and Cr were used including: 0.10, 0.15, 0.2, 0.3, 
0.4, 0.6, 0.8, and five probabilities of failure were used, 1/25, 1/50, 1/75, 1/100 and 
1/150.  
 
Similar to Approach 2, the relationship between Φp and settlement was first defined 
according to the “IF” statements in Figure 4.6 (an example plot is shown in Figure 4.9). 
Then probabilistic settlements, Slimit, were obtained for each probability of failure, Pf, 
using the second set of “IF” statements (Equations 4.6a to 4.6c) and Monte Carlo 
simulation (Crystal Ball®). The resistance factors (Φp) for P’c were then determined for 
each probabilistic settlement (Slimit) using the appropriate figure; e.g., Figure 4.9, for Pf 
= 1/100, c.o.v. of Cc = c.o.v. of Cr = 0.1, OCR = 10. 
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Figure 4.9 Relationship between Φp and settlement corresponding to different values of 
OCR, probabilities of failure and c.o.v. of Cc and Cr. 
 
Regression analyses using all of the Φp’s were performed to define a relationship 
between mean values of OCR and Φp. Four different equations were obtained according 
to the range of the OCR and c.o.v. of Cc and Cr. The regression equations are shown in 
Equations 4.7a to 4.7d. 
1) OCR < 30,  c.o.v. (Cc, Cr) ≤ 0.25 
                   Φp = a × OCR× b × exp(-c × OCR),        Eq. 4.7a 
Where,      a = 1.18625, b = -0.1029, c = 0.00929 
            Coefficient of Multiple Determination (R2) = 0.99055 
2) OCR < 30, 0.25 < c.o.v. (Cc, Cr) ≤ 0.5 
                  Φp = a + b × OCR + c / OCR
2,                 Eq. 4.7b 
Where,      a = 1.06236, b = -0.0137, c = 0.11446 
            Coefficient of Multiple Determination (R2) = 0.98364 
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3) OCR < 30, c.o.v. (Cc, Cr) > 0.5 
                  Φp = a × OCR
2 + b × OCR + c,                            Eq. 4.7c 
Where,     a = -0.0005, b = 0.0011, c = 1.04809 
           Coefficient of Multiple Determination (R2) = 0.99032 
4) OCR ≥ 30, 
                  Φp = a × OCR
2 + b × OCR + c,                            Eq. 4.7d 
Where,     a = 0.00015, b = -0.024, c = 1.23966 
           Coefficient of Multiple Determination (R2) = 0.99947 
 
The “actual” Φp can be calculated according to the mean values of OCR and ranges of 
c.o.v. of Cc and Cr, using Equations 4.7a to 4.7d. The relationship between the “actual” 
Φp and OCR based on the different c.o.v. of Cc and Cr is plotted in Figure 4.10.  
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A check was performed to see how the factored settlements (Sfactored) compared with the 
probabilistic settlements (Slimit) for the range of over consolidation ratios (OCR) and 
corresponding values of ΦCc and ΦCr. The factored settlements (Sfactored) were calculated 
using the logic statements. The parameters used to calculate the factored settlements are 
shown in Table 4.6 and Figures 4.3 and 4.10 can be used to select the resistance factors 
according to different target probabilities of failure and different c.o.v. of Cc and Cr. The 
same mean values were also used to obain the probabilistic settlements using Crystal 
Ball® without resistance factors included but with the model factor, M (same as 
mentioned before) and c.o.v. of Cc, Cr, e0, Δσ. 
 
Table 4.6 Parameters used in the example of comparing Sfactored and Slimit using Approach 3. 
 
Parameters Values 
Cr 0.02  
Cc 0.20  
eo 1.20  
σ’v0 (ksf) 1.00  
Δσ(ksf) 20.00  
OCR 
arbitrary values 
between 1.5 and 60 
P’c (ksf) = OCR*σ’v0  
Ho (ft) 40.00  
 
In general, the probabilistic settlement (Slimit) and the factored settlements (Sfactored) were 
indistinguishable. An example typical of the results is shown in Figure 4.11. It was 
concluded that the regression correlations between Φp and OCR result in reliable 
predictions of settlement. 
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Figure 4.11 Comparison between Slimit and Sfactored versus Over Consolidation Ratio (OCR) 
for c.o.v. of Cc and Cr = 0.3. 
 
4.5  Comparison Between Different Approaches for Developing Φp 
Three examples were developed and are shown below in order to compare the first and 
the third approaches for searching for Φp  
 
Example 1: Parameters used in this example were given in Table 4.7  and results in Table 
4.8. 
Table 4.7 Parameters used in example 1.  
 
Parameter Mean c.o.v. 
Cr 0.02  0.60  
Cc 0.20  0.30  
P’c (ksf) 8.00  0.60  
eo 1.22    
Δσ (ksf) 25.00    
Ho (ft) 40.00    
σ’v0 (ksf) 1.00    
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Table 4.8 Results of example 1 for the comparison between approach 1 and 3. 
 
Pf = 1/25 
Slimit
(1) (ft) ΦCr ΦCc Φp Sfactored 
(6) (ft) Pf'
(7) 
5.0038 0.4095 0.534 
0.32(2) 7.1530 1/200 
0.56(3) 5.7268   1/50 
0.95(4) 4.3798   1/14 
1.00(5) 4.2491   1/13 
Pf  = 1/50 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
5.7024 0.3393 0.4722 
0.27 8.6012    1/625 
0.55 6.5713    1/114 
0.95 5.0119   1/25 
1.00 4.8656   1/22 
Pf = 1/75 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
6.1634 0.3068 0.4421 
0.25 9.4335     1/1250 
0.54 7.1001    1/189 
0.95 5.3886   1/36 
1 5.2332   1/31 
Pf = 1/100 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
6.4339 0.2866 0.4228 
0.23 10.1360     1/2381 
0.54 7.4428    1/256 
0.95 5.6602   1/48 
1.00 5.4984   1/40 
 
Note: (1) Is probabilistic settlement from Monte Carlo simulation using Equations 4.6a, 
4.6b or 4.6c 
     (2) Obtained using Figure 4.5a 
      (3) Obtained using Figure 4.5b 
      (4) Obtained using Equation 4.7b (or Figure 4.10) by setting c.o.v. of Cc = c.o.v. of Cr 
= 0.3  
      (5) Obtained using Equation 4.7c (or Figure 4.10) by setting c.o.v. of Cc = c.o.v. of Cr 
= 0.6  
      (6) Is calculated settlement included all resistance factors using Equation 3.1  
      (7) Actual probability of failure for Sfactored 
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Example 2: Parameters used in this example were given in Table 4.9 and results in Table 
4.10. 
 
Table 4.9 Parameters used in example 2. 
 
Parameter Mean c.o.v. 
Cr 0.02  0.30  
Cc 0.20  0.30  
P’c (ksf) 8.00  0.25  
eo 1.22    
Δσ (ksf) 20.00    
Ho (ft) 40.00    
σ’v0 (ksf) 1.00    
 
Table 4.10 Results of example 2 for the comparison between approach 1 and 3. 
 
Pf = 1/25 
Slimit
(1) (ft) ΦCr ΦCc Φp Sfactored 
(5) (ft) Pf'
(6) 
3.5942 0.534 0.534 
0.63(2) 4.6566    1/111 
0.86(3) 3.8412   1/36 
0.95(4) 3.5704   1/24 
Pf  = 1/50 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
4.0902 0.4722 0.4722 
0.58 5.5127    1/370 
0.86 4.3436   1/71 
0.95 4.0377   1/47 
Pf = 1/75 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
4.391 0.4421 0.4421 
0.56 5.9998    1/714 
0.86 4.6293    1/108 
0.95 4.3126   1/69 
Pf = 1/100 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
4.5709 0.4228 0.4228 
0.54 6.3948     1/1149 
0.86 4.8360    1/143 
0.95 4.5094   1/91 
Note: (1), (2), (3), (5) and (6) are same as Example 1 
      (4) Obtained using Equation 4.7b (or Figure 4.10) by setting c.o.v. of Cc = c.o.v. of Cr 
= 0.2  
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Example 3: Parameters used in this example were given in Table 4.11 and results in 
Table 4.12 
 
Table 4.11 Parameters used in example 3. 
 
Parameter Mean c.o.v. 
Cr 0.02  0.60  
Cc 0.20  0.60  
P’c (ksf) 8.00  0.25  
eo 1.22    
Δσ (ksf) 20.00    
Ho (ft) 40.00    
σ’v0 (ksf) 1.00    
 
Table 4.12 Results of example 3 for the comparison between approach 1 and 3  
 
Pf = 1/25 
Slimit
 (ft) ΦCr ΦCc Φp Sfactored
 (ft) Pf' 
4.4353 0.4095 0.4095 
0.63 6.0723    1/83  
0.86 5.0090   1/40 
1.00 4.4831   1/26 
Pf  = 1/50 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
5.3282 0.3393 0.3393 
0.58 7.6719    1/227 
0.86 6.0449   1/83 
1.00 5.4106   1/53 
Pf = 1/75 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
5.9356 0.3068 0.3068 
0.56 8.6457    1/370 
0.86 6.6708    1/122 
1.00 5.9837   1/79 
Pf = 1/100 
Slimit (ft) ΦCr ΦCc Φp Sfactored (ft) Pf' 
6.3509 0.2866 0.2866 
0.54 9.4338     1/588  
0.86 7.1342    1/167 
1.00 6.4055    1/104 
Note: All values of Φp, Sfactored, Slimit and Pf’ were obtained using the same way as 
Example 2. 
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4.6 Summary 
Probabilistic methods for developing resistance factors (ΦCc, ΦCr, and Φp) for parameters 
(Cc, Cr, and P’c) in the consolidation settlement analysis were developed. Resistance 
factors for Cc and Cr as a function of their coefficients of variation (c.o.v.) were found to 
decrease as the c.o.v. increased. The resistance factors also decreased with decreasing 
probability of failure; i.e., decreasing likelihood of the actual settlement exceeding the 
predicted settlement. 
 
Three different approaches were introduced for developing resistance factors (Φp) for the 
maximum past pressure, P’c. Based on the three examples, Approach 3, which showed 
that Φp correlates with OCR, is recommended. Comparison of the nominal settlements 
(settlement calculated using resistance factors, Sfactored) versus settlements calculated from 
probabilistic analyses (Slimit) using Approach 3 was found in good agreement. Predicted 
settlement of spread footings using the factored approach allows for quantification 
(through a probability of failure) of the accuracy of the estimated settlement. 
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Chapter 5 Resistance Factors for Serviceability of Embankments  
 
5.1 Introduction 
Consolidation settlement of an embankment involves compression of the embankment fill 
itself as well as consolidation of the underlying soil. A probabilistic analysis was used to 
calculate resistance factors for compression of the fill. Two target probabilities of failure 
for the embankment fill itself were used --- 1/150 and 1/2000. The analyses were similar 
to those performed for spread footings. Only the results and differences with respect to 
the analyses described in Chapter 4 are presented in this chapter.  
 
5.2 Results 
The procedures for developing the resistance factors for embankments were similar to  
those for spread footings. The main difference was the c.o.v. of ∆σ (additional stress), 
was assigned as 0.1 for embankments because stress distribution was not considered in 
this case. All other parameters were the same as shown in Table 4.1. Moreover, as shown 
in Figure 5.1, except for the settlement induced by the consolidation of the soft soil layer, 
the embankment fill itself also can compress and result in settlement of the top of the fill. 
Resistance factors were also developed for compression of the embankment fill.  
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                                              Figure 5.1 Embankment on soft soil. 
 
 
5.2.1 Resistance Factors for Compression of the Embankment Fill  
For fill, only two target probabilities of failure were considered, 1/150, as shown in Table 
5.1, and 1/2000. 
 
Table 5.1 Recommended target probability of failure.  
Application Classification 
Recommended Target Probability of Failure 
Service A 
Embankments 
Short-term Stability -- 
Long-term Stability 1 in 150 
 
 
The software Crystal Ball®, by Oracle, was used to perform a normal distribution using 
Monte Carlo simulation with mean (0.02) and standard deviation (0.005) for the 
settlement. Probabilistic settlement values (Slimit) were obtained for target reliabilities of 
1/150 and 1/2000. The resistance factor for fill was defined in Equation 5.1 and the 
values are shown in Table 5.2. 
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Φf =                  Eq.5.1 
where,        Snominal = mean settlement assigned as 0.02 
           Slimit = probabilistic settlement  
              Φf = resistance factor of fill 
 
Table 5.2 Resistance factors for compression of the embankment fill, Φf, for two 
target probabilities of failure. 
 
Target 
Probability 
of Failure 
1/150 1/2000 
Φf 0.6173 0.5479 
 
 
The compression of the embankment itself was defined as Eq. 5.2 (Vincent et al. 1994) 
Sfill = 0.01 × Φf × Hfill                  Eq. 5.2 
where, 
Sfill = settlement due to compression of fill (L) 
Φf = resistance factor for fill 
Hfill = original height of the fill (L) 
 
So, the total settlement (compression of the fill plus that of the underlying soil) will be 
S = Sfill + Ssoil                         Eq. 5.3 
The calculation of the consolidation settlement for foundation soil (Ssoil) is the same as 
described in Chapter 4. 
 
5.2.2 Resistance Factors for Cc, Cr and P’c 
Since the procedure for obtaining the resistance factors for Cc, Cr, and P’c for 
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embankments was similar to that for spread footings, only the results are presented.  
 
 Results of resistance factors for Cc and Cr 
The resistance factors for Cc and Cr are shown in Table 5.3 and the relationship between 
the resistance factors and the c.o.v. of Cc and Cr is shown in Figure 5.3. 
 
Table 5.3 Resistance factors, ΦCr and ΦCc, for various target probabilities of failure as a 
function of the c.o.v. of Cc or Cr for calculation of compression of the 
foundation soil of embankment.  Resistance factors presented are the mean 
values of RFs calculated for a range of Cc of Cr values from 0.04 to 0.60.  
Values are plotted in Figure 5.4.  
 
cov of Cc or Cr Pf = 1/25 Pf = 1/50 Pf = 1/75 Pf = 1/100 Pf = 1/150 
0.0 0.6819 0.6352 0.6115 0.5959 0.5819 
0.1 0.6633 0.6144 0.5897 0.5735 0.5526 
0.2 0.6074 0.5525 0.5251 0.5073 0.4846 
0.3 0.5574 0.4977 0.4684 0.4495 0.4256 
0.4 0.5012 0.4369 0.4058 0.3902 0.3654 
0.5 0.4510 0.3833 0.3512 0.3345 0.3094 
0.6 0.4171 0.3474 0.3149 0.2947 0.2698 
0.7 0.3866 0.3154 0.2827 0.2626 0.2380 
0.8 0.3590 0.2866 0.2540 0.2341 0.2100 
0.9 0.3364 0.2632 0.2307 0.2118 0.1882 
1.0 0.3177 0.2439 0.2116 0.1933 0.1702 
 
 Results of Resistance Factors for P’c  
Results for two approaches are presented here. 
A. Results of Approach 1 
Figure 5.2a and 5.2b were obtained by using the same method as used for Figure 4.8a and 
4.8b. Figure 5.2a is the same as Figure 4.8a since ΦCc = ΦCr = 1.0 during the calculation. 
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Figure 5.2a Resistance factors for maximum past vertical effective stress used for 
calculation of settlement for spread footings on cohesive soils (ΦCc = ΦCr = 
1.0 in calculation of Φp). 
  
 
Figure 5.2b Resistance factors for maximum past vertical effective stress used for 
calculation of settlement for spread footings on cohesive soils (actual 
values of ΦCc and ΦCr from Table 5.3 used in calculation). 
 
 
B.Results of Approach 3 
The equations for calculating the resistance factors for P’c based on different OCR values 
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and different ranges of c.o.v. of Cc and Cr are as follows: 
 
1) OCR < 30, (c.o.v. of Cc and Cr) ≤ 0.2 
Φp = a + b × OCR + c × ln(OCR)                    Eq. 5.4a 
where,     a = 0.96391, b = -0.00728, c = -0.0192 
Coefficient of Multiple Determination (R2) = 0.9998 
2) OCR < 30, 0.2 < (c.o.v. of Cc and Cr) ≤ 0.5 
Φp = a + b × OCR
1.5 + c × ln(OCR)                 Eq. 5.4b 
where,     a = 0.93296, b = -0.00197, c = 0.0234 
Coefficient of Multiple Determination (R2) = 0.99941 
3) OCR < 30, 0.5 < (c.o.v. of Cc and Cr) ≤1 
Φp = a + b × OCR + c × ln(OCR)
2                             Eq. 5.4c 
where,     a = 1.02584, b = -0.0433, c = 0.08271 
Coefficient of Multiple Determination (R2) = 0.99831 
4) OCR ≥ 30 
Φp = a + b × OCR + c × ln(OCR)
2                    Eq. 5.4d 
Where,     a = 1.96450, b = 0.0148, c = -0.14947 
Coefficient of Multiple Determination (R2) = 0.99998 
The relationship between resistance factors and OCR is plotted in Figure 5.4. 
 
5.3 Summary 
Settlement of an embankment on soft soil involves compression of the embankment fill 
itself as well as compression of the underlying soft soil. A probabilistic analysis was used 
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to calculate resistance factors for compression of the fill. Calculations were limited to two 
probabilities of failure, Pf (1/150, 1/2000) corresponding to three (3) inches and 12 inches 
of settlement relative to a non –settling bridge abutment. Resistance factors for 
compression of the underlying soil behave as derived in Chapter 4.  
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Chapter 6 Practical Implications 
 
6.1 Introduction 
Load and Resistance Factor Design (LRFD) has been widely used in superstructure 
design but is only in its infancy with respect to substructure design. To date, 
consolidation settlement analyses of spread footings and embankments have not 
incorporated LRFD. A benefit of using LRFD is that often designs can be optimized 
realizing significant cost savings and also design with known probabilities of failure. An 
example spread footing design and an embankment design using the LRFD approach for 
settlement analyses are presented in this chapter. Multiple designs were performed for 
various coefficients of variation (c.o.v.’s) of parameters and for various probabilities of 
failure (Pf). A cost was estimated for each design and subsequently compared to each 
other and to the cost for a design based on conventional settlement analysis.  
 
Data from the New Florence Missouri site (bridge on shallow foundations, MoDOT 
project in Missouri, 2010) was used for the spread footing design. The variables obtained 
were the Cc, Cr and eo which were averages of the consolidation test data for several 
different boreholes. The allowable settlement was an arbitrary value. For the embankment 
example, the parameters were revised to simplify the analysis. In this chapter, examples 
of LRFD designs for a spread footing and an embankment are presented to illustrate the 
difference between conventional and LRFD. 
 
 Assuming that the c.o.v. of Cc and Cr were equal in both examples and the initial depth 
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of the soil under the foundation, which was also an arbitrary value, was used along with 
the unit weight of the soil. The unit weight of soil was from the New Florence data, used 
to determine an initial vertical effective stress at the mid height of the compressible layer. 
Figure 4.7 was used to determine the Φc and Φr values. Figure 4.10 was used to 
determine the Φp value. 
 
6.2 Example for Spread Footing 
In order to gain a better idea of variations in design between high and low c.o.v. of Cc and 
Cr, three different c.o.v. values were used (0.15, 0.35, 0.7) with two different probabilities 
of failure, 1/25 and 1/150. The procedures for c.o.v. = 0.15, Pf = 1/25 are presented here. 
The results for all the cases can be seen in Table 6.1 and Figure 6.2.  
 
The geometry of the spread footing case is shown in Figure 6.1. The values of the 
parameters used include: thickness of the soil H0 = 20 ft, void ratio e0 = 0.661, 
compression index Cc = 0.3005, recompression index Cr = 0.0179, maximum past 
pressure P’c = 3270 psf, and initial vertical effective stress σ’v0 = 654 psf. The assumed 
settlement was S = 3 inches and the probability of exceeding the 3 inches was assumed 
either 1/25 or 1/150. The cost of the in-place concrete was assumed to be $200/yd3. The 
point of the midheight of the foundation soil (Z = 10 ft) was picked to do the calculation. 
The column load was assumed at Q = 1000 kips. The weight of the footing was ignored. 
A single layer was used to perform the calculations without submergence correction.  
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                                    Figure 6.1 Spread footing – example case. 
 
Using an assumed c.o.v. of Cc = c.o.v. of Cr = 0.15 and probability of failure Pf = 1/25, 
from Figure 4.4, Φc = Φr = 0.615. The over consolidation ratio (OCR) at midheight of the 
compressible layer is 5. The Φp is then found to be 0.96 using Figure 4.10. 
Substituting into Equation 6.1  
S =          Eq. 6.1 
Solving for σf’, yields 3153 psf.   
Using Equation 6.2  
σ’f  = σ’v0 + Δσ                                 Eq. 6.2 
with σ’f  = 3153 psf, Δσ is calculated to be 2499 psf. 
 
A 2:1 trapezoidal stress distribution is used along with the column load (Q = 1,000 kips) 
to solve for the dimensions of the square footing (in this case, B). Given a Pf of 1/25, the 
dimensions of the footing were found to be 10 feet × 10 feet. (Equation 6.3).  
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                                                       2
Q
=
(B+Z)
                                Eq. 6.3 
A footing thickness of 3 feet was assumed in order to calculate costs for various footing 
sizes (B × B). Unit cost of the in-place concrete was assumed at $200/yd3 . The cost of 
the 10’ × 10’ × 3’ footing for Pf of 1/25 was $2,220. 
 
Three different c.o.v.’s of Cc and Cr and two different probabilities of failure were used to 
do the similar calculations. The traditional method (factor of safety) was also performed 
to compare with the LRFD method, for which there were no resistance factors involved; 
however, the tolerable settlement was assumed to be three (3) inches and a factor of 
safety of 3 was applied, so that the design settlement was one (1) inch. All the other 
parameters were the same. The results are presented in Table 6.1 and plotted in Figure 6.2.   
 
Table 6.1 Example results for spread footing using LRFD and different probabilites of 
failure (Pf) for settlement versus a traditional approach. 
 
  
cov (Cc, Cr) = 0.15 cov (Cc, Cr) = 0.35 cov (Cc, Cr)  = 0.70 
Traditional 
1/25 1/150 1/25 1/150 1/25 1/150 
B (ft) 10 14.5 12.5 19.6 19.6 32.5 22.6 
Volume 
(yd3) 
11.1 23.4 17.5 42.6 42.6 117.5 56.9 
Cost ($) 2220 4672 3494 8518 8518 23502 113804 
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Figure 6.2 Cost comparisons for spread footing using LRFD and different probabilities of 
failure (Pf) for settlement versus a traditional approach. 
 
Cost can be reduced by using LRFD method compared with the traditional method except 
for the case with c.o.v. of Cc = Cr, 0.7 and probability of failure, 1/150. It can be seen 
from Figure 6.2, the lower the probability of failure, the higher the foundation cost. 
Engineers must use judgment to balance the probability of failure and cost for a given 
project. 
 
6.3 Example for Embankments  
An example of an embankment on soft soil is performed with both the LRFD method and 
traditional method (factor of safety). The embankment is considered to be an aerial fill 
without stress distribution and the compression of the embankment (fill) itself is 
considered. The geometry of the embankment on soft soil is shown in Figure 6.3. The 
values of the parameters used include: the height of the fill Hfill = 12 ft, thickness of the 
c.o.v. of Cc = c.o.v.of Cr
0
5000
10000
15000
20000
25000
1/25 1/150 1/25 1/150 1/25 1/150
cov = 0.15 cov = 0.35 cov = 0.7 Traditional
C
o
s
t 
($
)
 
Chapter 6 Practical Implications  
61 
 
underlying soft soil H0 = 20 ft, void ratio e0 = 0.661, compression index Cc = 0.3, 
recompression index Cr = 0.01, maximum past pressure P’c = 1600 psf, and initial 
vertical effective stress σ’v0 = 800 psf. The assumed total settlement S = 3 ines. 
 
Using c.o.v. of Cc = c.o.v. of Cr = 0.2 and probability of failure Pf = 1/150, from Figure 
5.2, Φc = Φr = 0.48. The over consolidation ratio (OCR) at midheight of the compressible 
layer is 2. Φp is then found to be 0.936 using Figure 5.3. The resistance factor for the 
compression of the fill (Φf) is found to be 0.62 using Table 5.2. 
 
The total settlement for the top of the embankment includes two components. The first is 
compression of the underlying soft soil due to the stress of the embankment (fill). The 
second is the compression of the embankment (fill) itself due to self weight.  
 
In this example, the settlement of fill is  
Sfill = 0.01 × Φf  × Hfill  
= 0.01 × 0.62 × 12 ft × 12 in/ft  
= 0.90 inches 
Given an assumed total settlement of 3 inches, the consolidation settlement of the soft 
soil is  
Ssoil = Stotal – Sfill  
= 3 in – 0.889 in  
= 2.10 inches 
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                              Figure 6.3 Embankment on soft soil – example case. 
 
 
Using Equation 6.1, 
                            S =                       Eq. 6.1 
Solving for σf’, yields 1548 psf.   
 
Using Equation 6.2  
σ’f = σ’v0 +Δσ                                  Eq. 6.2 
with σ’f = 1548 psf, Δσ is calculated to be 748 psf. 
 
The composition of fill required for a 12-foot high fill must be determined (a unit 
dimension, 1 yd2, was picked to do the calculations) while still maintaining a Δσ of less 
than or equal to 748 psf. Four basic fill materials’ (Table 6.2) were considered. The cost 
comparison with different material composition is given in Table 6.2 and plotted in 
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Figure 6.4. In Figure 6.4, different symbols represent different fill materials and different 
columns indicate different fill compositions. The numbers shown on each column are the 
additional stress induced by each composition.  
 
Table 6.2 Unit weight and unit cost of different fill material.  
Fill Type Unit Wt (pcf) Unit Cost ($/yd3) 
Compacted Soil (C) 120 5 
Fly Ash (F) 70 10 
Light wt Aggregate (L) 50 15 
Geofoam (G) 2 30 
 
Table 6.3 Cost of percent fill material composition. Values plotted in Figure 6.4.  
  Geofoam Lt. Agg C+L+G C+F+G C+L F+L F+G 
Δσ (psf) 24 600 736 718 740 740 704 
Cost ($) 120 60 62 62 53 48 53 
%Com. Soil 0 0 33.33 25 16.67 0 0 
%Fly 0 0 0 41.67 0 58.33 83.33 
%Lt. Agg 0 100 41.67 0 83.33 41.67 0 
%Geo 100 0 25 33.33 0 0 16.67 
 
For the traditional settlement calculation method (no resistance factors were used), by 
using the same procedures and same parameters, Δσ was calculated as 954 psf, which 
means more compacted soil and less of other materials will be required. This lower cost 
fill can be used if the traditional settlement calculation method is used. However, using 
the LRFD method allows the designer to design to a “known” probability of failure.  
 
6.4 Summary 
After considering the resistance factors for the calculation of settlement of a spread 
footing on soft soil, money can be saved by using the LRFD method compared with the 
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traditional method. Moreover, the lower the probability of failure, the higher cost the 
foundation will be. Though the example was based on the c.o.v. of Cc equal to the c.o.v. 
of Cr, it still reflects the advantages of this method.  
 
For the embankment, example the least expensive composition is to combine fly ash and 
light weight aggregate. Though there is no significant cost saving when using the LRFD 
method for this embankment example, the designer can perform the design to a “known” 
probability of failure. 
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Chapter 7 Conclusions 
 
7.1 Summary 
The Load and Resistance Factor Design (LRFD) methodology has been widely used in 
superstructure design but is only in its infancy with respect to substructure design. To 
date, settlement analyses of spread footings and embankments on soft soil have not 
incorporated LRFD. The settlement impacts a structures’ performance and safety. The 
LRFD method was used in this research to develop resistance factors for settlement 
analyses for both spread footings and embankments on soft soil. Resistance factors for 
the compression index, Cc, the recompression index, Cr and the maximum past pressure, 
P’c, were developed. A resistance factor for determining the compression of the 
embankment fill was also developed. Monte Carlo simulation was used to calculate 
probabilistic settlements for five different probabilities of failure (Pf, probability of actual 
settlement greater than the predicted settlement): 1/25, 1/50, 1/75, 1/100 and 1/150. For 
the embankment fill, resistance factors were calculated for Pf’s of 1/150 and 1/2000.  
 
The parameters for soil were selected from a research project for the Missouri 
Department of Transportation (MoDOT 2010) and Monte Carlo simulations were used to 
calculate the probabilistic settlement using different c.o.v.’s of Cc and Cr. The relationship 
between resistance factor and c.o.v.’s of Cc and Cr was obtained for different target 
probabilities of failure. The resistance factors for Cc were the same as those for Cr. Three 
different approaches were used to determine the relationship for resistance factor and P’c 
or for resistance factor and OCR. 
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The resistance factor for embankment fills was developed by assigning a normal 
distribution with Monte Carlo simulations. The resistance factors for Cc, Cr, and P’c were 
developed in a fashion similar for both spread footings and embankments; however, the 
c.o.v. of the additional stress (∆σ) was assigned as 0.25 for spread footings and 0.1 for 
embankments. 
 
The resistance factors for Cc or Cr correlate with c.o.v. of Cc or Cr. The resistance factors 
decrease with increasing c.o.v. of Cc or Cr, and decrease with decreasing probabilities of 
failure. One approach for developing the resistance factor for P’c leads to a relationship 
between ΦP and c.o.v. of P’c, and the second approach concludes that c.o.v. of P’c has 
little effect on ΦP. Using the third approach, it is found that ΦP correlates with the over 
consolidation ratio (OCR). It was also found that the c.o.v. of Cc and Cr impact the 
resistance factor for P’c. When the OCR is less than 30, the resistance factors for P’c 
decrease with decreasing of three different ranges of c.o.v. of Cc and Cr. Regardless of the 
c.o.v. of Cc and Cr, the resistance factor for P’c decreases with increasing OCR.  
 
Examples of a spread footing design and an embankment design using the LRFD 
approach for settlement analyses were presented. Multiple designs were performed for 
various coefficients of variation (c.o.v.’s) of parameters and for various probabilities of 
failure (Pf). A cost was estimated for each design and subsequently compared to each 
other and to the cost for a design based on conventional (Factor of Safety) settlement 
analysis. 
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7.2 Conclusions 
The following conclusions are based on the results of the work described in this thesis:  
 Resistance factors (Φc, Φr and ΦP) to be used in LRFD consolidation settlement 
analyses of spread footings and embankments were calculated for recompression 
index, Cr, compression index Cc, and maximum past pressure P’c. 
---- Φc and Φr are equal and are correlated with the c.o.v. of the relevant parameter 
---- 0.1 < Φc = Φr  ≤ 0.7 for c.o.v. of Cc or Cr from 1.0 to 0.0 (Figure 4.7) 
---- Φp may either correlate with the P’c (Figures 4.8a, 4.8b or 4.9) or as a function of 
overconsolidation ratio with different ranges of c.o.v. o f Cc and Cr. The Φp v.s OCR  
is recommended. 
 
 While the principal advantage of using LRFD for settlement analyses allows the 
designer to design to a “known” probability of failure, it also offers the potential for 
cost savings for construction of foundations and embankments. Conclusions from 
settlement analyses of a spread footing and an embankment showed that:  
---- Cost for a spread footing could be reduced by 25% to 80% as LRFD analysis 
using c.o.v. of Cc and Cr from 0.7 to 0.15 with Pf from 1/25 to 1/150. 
---- Cost for an embankment was not reduced using the LRFD settlement method 
compared with the traditional method. However, for different combinations of fill 
materials, fly ash with light aggregate was 9% to 60% less cost than other 
combinations. 
 The magnitude of the cost reductions obtained from the examples analyzed should be 
tempered given the simplicity of the examples.  
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7.3 Recommendations  
7.3.1 Practice 
 The relationship between Φp and OCR should be used with caution since there are 
limitations in its derivation. The current relationship is based on the situation where 
c.o.v. of Cc equals the c.o.v. of Cr. For cases in which c.o.v. of Cc and c.o.v. of Cr are 
not equal, it would be prudent to evaluate the impact of the difference in c.o.v. of Cc 
and c.o.v. of Cr.  
 When the value of Φp exceeds 1.0 for certain lower OCR’s, it is recommended to use 
the equations to calculate Φp. 
 
7.3.2 Research 
 Different conditions for the different c.o.v.’s of Cc and Cr should be evaluated for 
their impact on the resistance factor, Φp, to make the relationship more robust. 
 Further research for different c.o.v.’s of Cc and Cr is still needed for a more confident 
conclusion. 
 Further research should be performed to improve the correlation of Φp with other soil 
parameters such as c.o.v. of P’c, Cc or Cr. 
 
 
 
 
 
 
 
 
 70 
 
References 
 
AASHTO (1997a). LRFD Highway Bridge Design specifications, SI Units, American 
Association of State Highway and Transportation Officials, Washington, D.C., First 
Edition (1994 with 1996 and 1997 Interims) 
 
ASTM Standard Test Methods for One-Dimensional Consolidation Properties of Soils 
Using Incremental Loading, Designation: D 2435 – 04. 
 
ASTM Standard Test Methods for One-Dimensional Consolidation Properties of Soils 
Using Incremental Loading, Designation: D 2435 – 06. 
 
Bowders, J. J., Loehr, J. E. and Huaco, D. H. (2011). MoDOT Transportation 
Geotechnics Research Program: Development of Target Reliabilities for MoDOT 
Bridge Foundations and Earth Slopes, Missouri Department of Transportation.  
 
Fenton, G. A. and Griffiths, D. V. (2002). “Probabilistic Foundation Settlement on a 
Spatially Random Soil.” ASCE J. Geotech. & Geoenv. Engrg., 128(5), 381-390, 
2002. 
 
Fenton, G. A., Griffiths D. V. and Cavers W. (2005). “Resistance Factors for Settlement 
Design.” NRC Research Press Web site. 
 
Foye, K. C., Salgado, R. and Scott, B. (2005). “Resistance Factors for Use in Shallow 
Foundation LRFD.” Journal of Geotechnical and Geoenvironmental Engineering, 
Vol. 132, No. 9, September 1, 2006. 
 
Foye, K. C., Salgado, R. and Scott, B.. (2005). “Assessment of Variable Uncertainties for 
Reliability – Based Design of Foundations.” Journal of Geotechnical and 
Geoenvironmental Engineering, Vol. 132, No.9, September 1, 2006. 
 
Huaco, D. R., Bowders, J. J. and Loehr, J. E.. (2012) “Method to Develop Target Levels 
of Reliability for Design Using LRFD,” Proceedings of the 91st Annual Meeting of 
the Transportation Research Board.  
 
Khisty, C. J. and Mohammadi Jamshid (2001). “Solutions Manual.” Appendix A. 
 
 71 
 
Loehr, J. E., Bowders, J. J., Rosenblad, B. L., Luna, R., Maerz, N., Stephenson, R. W., 
Likos, W. J., Ge, L. (2013) “Development of LRFD Design Methods to Quantify 
Value of Site Characterization Activities,” Proceedings of the 18th International 
Conference on Soil Mechanics and Geotechnical Engineering, Paris 2013.  
 
Rivard, P. J. and Goodwin, T. E. (1978). “Geotechnical Characteristics of Compacted 
Clays for Earth Embankments in the Prairie Provinces.” Canadian Geotechnical 
Journal, 1978, 15:(3) 391-401. 
 
Salgado R. (2008). “The Engineering of Foundations.” Page: 26-33. 
 
U.S. Department of Transportation, Federal Highway Administration. (2001). “Load and 
Resistance Factor Design (LRFD) for Highway Bridge Substructures --- Reference 
Manual and Participant Workbook.” 
 
Zhang L. (1999). “Settlement Patterns of Soft Soil Foundations under Embankments.” 
Can. Geotech. J. 36: 774-781. 
 
 
